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IMPROVING PERFORMANCE OF FACE CONTACT SEAL IN LIQUID SODIUM
(400° TO 1000° F) BY INCORPORATION OF SPIRAL-GROOVE GEOMETRY

by Lawrence P. Ludwig, Thomas N. Strom, Gordon P. Allen,
and Robert L. Johnson

Lewis Research Center

SUMMARY

Conventional face contact seal performance was improved by incor\poration of the
spiral-groove geometry. Both conventional face contact seals and seals with spiral
grooves were used to seal liquid sodium at a pressure of 20 pounds per square inch gage
(13.8 N/cm gage), and a sliding velocity of 79 feet per second (24 m/sec). In com-
parison with conventional face contact seals, seals with spiral grooves had negligible
leakage. The wear and contact patterns indicated that the spiral-groove seal operated
with separation of the sealing surfaces, which is necessary for long life.

Successful low-leakage operation was not achieved with conventional face contact
seals having carbide seal seats and nosepieces (hard on hard). Thermal and pressure
distortions caused edge contact, wear, and scoring. Conventional face contact seals
having seal seats and nosepieces with wear-in properties (soft on hard) showed more
leakage than those with carbide sealing surfaces.

INTRODUCTION

Shaft seals for containment of alkali liquid metals have applications in space power
conversion systems (ref. 1). The design of these seals presents formidable problems
because of high liquid temperatures (to 1337° F (725° C) for low-power systems) (ref. 2),
lightweight requirement, and extremely low leakage-rate allowance of the order of sev-
eral pounds per year. In addition, a high degree of reliability must be maintained for
periods of 1to 3 years of essentially unattended operation. Additional application areas
for alkali metal shaft seals are found in pumps for liquid-metal flight control systems
(ref. 3) and in homopolar electric machines utilizing liquid metals to transfer high-
density currents (ref. 4).



The face contact seal has not been successfully applied in long-term operation as the
primary seal in direct contact with alkali liquid metals. However, it is potentially a
compact and complete seal system and therefore is worthy of investigation.

For long life (1 to 3 yr) and high reliability, the seal must operate with separation
between the sliding surfaces (seal dam). Sliding contact of solid surfaces would probably
be permissible at startup and shutdown. Separation of sliding surfaces of an argon gas
seal has been accomplished by employing wavy sealing surfaces which produce a hydro-
dynamic lift (ref. 5). In addition to surface waviness, other possible features responsi-
ble for, or contributing to, hydrodynamic separation are (1) cavitation caused by minute
surface discontinuities and roughness (ref. 6), (2) axial vibration, or squeeze-film effect
(ref. 7), (3) nutating motion of the seal nosepiece (ref. 7), and (4) thermal wedge effect
(ref. 8).

It is herein suggested that by incorporating the viscoseal principle (in the form of a
spiral groove) into the face seal, sealing surface separation and low-leakage rates can be
obtained simultaneously. (Reference 9 presents a theoretical analysis of the viscoseal
principles.) The sealing-surface separation at operating speeds will ensure long seal
life, and the pumping effect of the spiral-groove geometry will provide low leakage rates.

The objectives of this work were to investigate (using liquid sodium as the sealed
fluid) the following:

(1) Sealing and hydrodynamic effects of the spiral groove used in conjunction with the

face contact seal .

(2) Leakage rates of conventional face contact seals without spiral grooves

(3) Wear characteristics of various candidate seal material combinations in conven-

tional face contact seals

Since surface damage must be avoided on seal startup and shutdown, attention was
given to sliding materials suggested by the literature. (Materials are discussed in the
TEST SEALS section of this report.) This investigation was conducted with a bellows
face contact seal in direct contact with liquid sodium under pressure. Surface speeds to
79 feet per second (24 m/sec) and temperatures to 1000° F (538° C) were investigated.

APPARATUS AND PROCEDURE

Figure 1 is a schematic diagram of the seal assembly and experimental apparatus.
The rotating seal seat is attached to the horizontal shaft which is supported radially and
axially by externally pressurized gas bearings (not shown). The shaft is driven by a
variable speed electric drive and step-up transmission; shaft speed is monitored by a
magnetic pickup. The seal housing and bellows assembly is mounted in a containment
and support vessel that is filled with liquid sodium and pressurized to the operating



pressure. The seal nosepiece, which is piloted by three pins (figs. 1 and 2), is held
against the seal seat by a hydraulic force and by a bellows spring force. Relative motion
occurs between the sealing surfaces. The bellows, besides providing a mechanical »
spring force, also serves as a secondary seal and allows axial motion of the seal nose-
piece. Roller bearing support (not shown) for the containment and support vessel per-
mits axial movement for controlling the amount of bellows spring force. This axial
movement is controlled by means of an air-operated piston mounted outside the enclosure
(fig. 3). The enclosure is pressurized slightl;y above ambient pressure with argon to
ensure an inert environment around the containment and support vessel.

The sodium-supply and leakage-rate monitoring system is shown schematically in
figure 3. Before transferring sodium, the enclosure, the containment vessel, and the
leakage monitoring tank are successively evacuated and purged with argon several times
to remove air. In order to transfer the sodium, the leakage monitoring tank is vented,
the sample bypass leg is closed, and the reservoir is pressurized. Sodium is passed
through the 20- and 5-micron filters and then to the containment vessel. The reservoir
temperature is held at approximately 220° F (104° C), which is high enough to ensure
transfer but low enough to allow sodium oxide precipitation and filtration. Oxide solu-
bility is 20 parts per million at 220° F (104° C) (ref. 10). After the containment vessel
is filled, the leakage-rate monitoring tank is filled to the predetermined level. The argon
pressure can be remotely changed to provide various pressure differentials across the
seal. Sodium temperature in the containment and support vessel is maintained by a
surrounding induction coil (fig. 3). Seal leakage results in a lowering of the sodium level
(changing the float position) in the leakage-rate monitoring tank. The float position is
monitored by a differential transformer, the output of which is continuously recorded.

The sodium system is cleaned by the "'hot flushing'' technique. In this hot flushing
procedure, the system is filled with sodium, soaked at operating temperatures, and then
the sodium is passed back to the reservoir through the sample leg bypass line. This
process is repeated several times. The oxide content is determined from a sample
trapped between valves A and B (fig. 3) in the sample bypass line. The oxide content,
determined by the mercury amalgamation method (ref. 11), ranged between 10 and 100
parts per million.

TEST SEALS

Seal Geometry

Flatness of the seal seat and nosepiece was held within one light band (2 3><10'6 in. or



6><10'5 cm). Figure 4, a typical seal seat flatness check, shows the interference pattern
obtained with an optical flat placed on top of a seal seat. The parallel line pattern indi-
cates that the flatness in the sealing area is within one light band. As a check on assem-
bly distortions, the flatness was examined after the seal seat was clamped into position
and it usually was less than two light bands. Figure 5 shows a typical surface roughness
check and corresponding photomicrograph of a tungsten carbide seal seat. The photo-
micrograph shows the presence of surface scratches which were not removed in the final
lapping operation, and the surface roughness check indicates an average peak- to valley
distance of less than 4x10~ -6 inch (10'5 m).

Seal Material Selection

No exact rules exist for selecting sliding material combinations for sodium or
sodium -potassium environments. The obvious requirement is that of chemical compati-
bility with the alkali metal at the seal operating temperature.

The material selection for the rubbing faces is made more difficult by the poor
boundary lubricating properties of sodium. As pointed out in reference 2, sodium will
reduce surface oxides which are normally present on metals and which are beneficial in
hindering adhesion of sliding surfaces in the boundary lubrication regime. In addition,
the viscosity of sodium (a significant factor in both hydrodynamic and boundary lubri-
cating regimes) at the boiling point is 2x10~8 reyn (2. 9x10”0 (1b)(sec)/ft2 or 0.14 cP)
(ref. 2), which is only 1/100 of the viscosity of SAE 10 oil at room temperature.

Investigators have tested many rubbing combinations in sodium and in sodium-
potassium alloys. The results of these tests show that the majority of successful rub-
bing combinations employ a hard alloy cermet or oxide for one or both of the rubbing
surfaces (refs. 12 to 14). As an example, in an evaluation test of material wear and ad-
hesion in sodium at temperatures to 1000° F (538° C), the harder combinations showed
better resistance to adhesive wear than did the softer material combinations (ref. 13).

Good results were obtained with soft on hard combinations in reference 15, which
reports substantial wear-in of copper on tungsten carbide, and of copper on tungsten,
and the subsequent development of a hydrodynamic lift component (due to wear-in) capa-
ble of supporting 10 000 pounds per square inch (6900 N/ cmz) in a sodium-potassium
alloy at 482° F (250° C).

Reference 16 suggests that the formation of sodium molybdate (NaZMoO 4) films was
beneficial in reducing friction and wear of a molybdenum couple in sodium. However, a
thermochemical analysis indicates that the oxides of molybdenum are chemically unstable



in liquid sodium except in the presence of large concentrations of sodium oxide. Refer-
ence 17 also investigated the effects of the surface films on sliding couples in sodium and
concluded that the friction behavior depends to a large extent on whether the sodium dis-
solves the surface oxide or reacts with the metal and surface oxide to form a protecting
film. Another form of surface protection is found in solid films of calcium fluoride -
barium fluoride (Can-Ban); these solid films are reported in reference 18 to be effec-
tive luhricants in liquid sodium at temperatures to 1000° F (538° C).

Seal Installation Procedure

The seal components and housing parts were degreased, scrubbed with levigated
alumina, and cleaned ultrasonically in a chlorofluorocarbon before installation in the rig.
This procedure produced seal components free of hydrocarbon films and polishing media.
The seal seat face runout was limited to a maximum of 0. 0005 inch per inch (0. 0005
cm/cm) of diameter and averaged approximately 0.0003 inch per inch (0.0003 cm/cm) of
diameter. By calculation, the inertia forces at operating speeds due to this runout are
not sufficient by themselves to lift the seal nosepiece out of contact with the seal seat.
Before sodium was introduced, the seal was checked for proper assembly by pressurizing
with argon and measuring the leakage.

Bellows Calibration

Both the bellows spring force and the pressure thrust force contribute to the net
loading at the sealing surfaces. Figure 6 shows a typical calibration of the bellows
spring force against bellows compression. The amount of bellows compression was held
at 0. 040 inch (0. 10 cm) during operation. This amount of compression resulted in a ~
3. 14-pound (14. 0-N) bellows spring force, which tended to close the gap between the
sealing surfaces.

Pressure Balance

The principle of seal pressure balance is reviewed herein since a pressure balanced
seal is usually necessary for long life, high-speed applications. The thrust force due to
pressurizing the bellows can be completely or partly balanced out; as a result, none or
only a small fraction of the bellows thrust force acts on the sealing surfaces. The prin-
ciple of pressure balancing is illustrated in figure 7 for an internally pressurized seal in
which the bellows has been replaced by a piston ring ("'O"' ring) and spring for purposes
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of illustration. I the piston ring is placed on the nosepiece outside diameter (fig. 7(a)),
the sealed pressure force (rectangular area) exceeds the gap pressure force (triangular
area) and the nosepiece is forced against the seal; this is a pressure-loaded seal. If the
piston ring is placed on the nosepiece inside diameter, the sealed pressure force no
longer acts on the nosepiece and the gap pressure force opens the seal (fig. 7(b)). How-
ever, a diameter can be selected for the piston ring such that the sealed pressure force
nearly balances the gap pressure force (fig. 7(c)); this is a pressure-balanced seal. The
degree of pressure balance selected depends on the degree to which the gap pressure pro-
file can be predicted and controlled. A complete description of the seal balance must
consider the following:
(1) Closing force changes due to shift of the bellows mean effective diameter with
pressure
(2) Pressure profile changes under the seal dam due to distortion, surface waviness,
and nonparallel sealing surfaces (dam)
(3) Spring force of the bellows
(4) Development of pressures under the seal dam due to hydrodynamic effects and
fluid phase change effects
(5) Inertia forces due to seal seat runout
The preceding factors vary widely among different applications, and selection of seal
balance is largely dependent on experience.

Seal Gap

The success of a conventional face contact seal depends largely on what occurs at the
seal gap (sliding surfaces). The leakage rate varies with the cube of the gap height
(fig. 7(c)), and lubrication and dynamics within the gap determine power loss and wear life.
The following are various possible modes of operation:

(1) Continuous or near-continuous rubbing contact between solid surfaces (Th1s mode
of operation is suitable for finite life or low-speed applications. Solid film lu-
bricants such as calcium fluoride - barium fluoride (ref. 18) and reaction films
such as reported in reference 16 are important here. )

(2) Separation of the sliding surfaces (except, perhaps, at startup or shutdown)

(This mode of operation is necessary for long life and high-speed applications. )

(3) Operation under conditions intermediate between (1) and (2)

To meet the high seal reliability and low-power-loss requirements of the space

power system, the seals must operate with separation of the sliding seal surfaces.
" Basically, this interface separation can be achieved by hydrostatic forces, by hydro-
dynamic forces, or by combined hydrostatic and hydrodynamic forces. Hydrostatic seals



would have too much leakage for the space power application and are beyond the scope of
this report. Therefore, the objective is to produce separation of the sealing surfaces by
hydrodynamic forces. )

In general, theories and explanations for separation of sealing surfaces are based on
the hydrodynamic lifting effects of minute surface discontinuities, cavitation, surface
waviness, axial vibration, thermal wedges, and nutation of the seal nosepiece. These
microscopic geometric and interface dynamics are difficult to control and to produce
consistently. Further, the separation produced by these hydrodynamic effects usually
leads to leakage.

A better approach is to use a seal geometry which will produce hydrodynamic sepa-
ration forces in conjunction with pumping action to inhibit leakage. The spiral groove
fits these requirements. This was, therefore, the approachtaken in this investigation.
The spiral groove can be incorporated in the face contact seal and offers the theoretical.
possibility of zero leakage with sealing surface separation (zero wear). Figures 8 and 9
show a typical spiral-groove face used in this evaluation.

RESULTS AND DISCUSSION

Carbide Seal Rings (Hard on Hard Combination)

In Conventional Face Contact Seals

Carbide nosepieces mated to carbide seal seats were evaluated because it has been
reported (refs. 12 to 14) that the majority of successful combinations for sliding contact
in alkali metals employ a carbide for one or both surfaces. Table I lists the carbide
materials evaluated, the pertinent parameters, and the results. In general, operation
with a carbide nosepiece mated to a carbide seal seat was not successful. The leakage
rates were either initially excessive or increased with running time to high levels be-
cause of sealing surface wear.

Thermal distortion. - The wear patterns indicated that significant thermal distortion
occurred in each carbide combination evaluated (table I). Distortions are induced by
thermal gradients in the seal seat and nosepiece and produce contact initially at the inner
diameter of the sealing surfaces, as shown exaggeratedly in figure 10. Since carbide
materials are very hard (85 to 94 Rockwell A) and have high elastic moduli (‘56><106 to
91x108 psi, 39x10% to 63><106 N/cmz), the wear-in and conformability properties are prac-
tically nonexistent, and thermal distortions become significant factors in contact stress
and in the lifting-force pressure profile across the sealing surfaces. The magnitude of
the thermal distortions is determined by the spherical shape assumed by the seal seat
and nosepiece (fig. 10) when a temperature gradient exists. When end constraints are




BpIQIEd WINTEIE}
- 9pIQIEd WNIOTU
Axojoersmes | L9 0T | O |9°0[9°0 | 0°02 | ¢'%€ | OS 8¢S | 0001 6 neqaed | 16 op1q.IEd UNSBUNL 0% eqod| 08 - apIqred wniwenl | 11
869 0001 WNIoIyd
001 82 | 0 |41 0| €'6T | ¥°42 | OF (03 %02 | 01.00% -= pue I1Rq0D | -~ 11 neqoD | 68 01
918 009
i 00T} ¥ {179 |¢" 0°81 | $°L8 | 0F [0188% | 03 O%S 1T BACD | 68 - w=--== 00T 6
88S | 0001
=== 0| &€ [¥6|C0) 0L G'%8 | 09 (03 L2F | 01008 -- e it 1 1) b RLES 001 8
£7e 0g9
£xopoeysnyesul| 66 00% -~ [P%2| ==~ | ST | 69 01 {03092 | 0006 -~ [------ --=== 001 oprquaeo ueysSumI| 1T | 3BAOD| 68 aproreo ueyssunl | 4
ap1IaIed WNEIuE)
- 3PIQaeD WNoTU
Axojoesstyesun 6¢ 08g] 82 |T°LT[ LT | 0T L 03 (179 8€G 0001 - mmmmmm e ———— 001 aprqren usysSuny, 02 eqod 08 - 9PIQIED Wnfue3LL | 9
Laoyoezsnyesufy | 41 OF | == |90 |-=~| &'T | &' g 86g| 000T| ~-- |--~--------| 00T apraaed usysBuny, g
£xojoegsmyesun | 8% gg | o1 |1el9” oL |vIR | 09 i4
Lzoroepspesuny | -~-- (<1 I S A S O A 0y 502 | 08 €
apIqIeD WinjeIue)
- JPIQIED WINTQOTH
£Lxojoespesun | --- ¢p | 08 |4 [8°'T | 0°61 | L7088 | O 8¢G6 | 0001 0% neqed| 08 - 9p1qIeD WINTUBILL 6 Heqod| 16 apyqxeo usys3un | 3
SpIqIEd Wneue}
- SPIIBO TINIQOTU
Axojoejsmyesufl | --- GZ | 8T ST (T'T 6P SPE | 08 8¢S | 0001 6 BAOD | 16 oprqaed uelsuny, 02 neqoD | 08 ~ OpIQIED WNTURILL | T
uaoxoed jquapasd Jusdxad jueoxad
PUR TS | PUT RIS | oy o3e8 WM 129N WEPM apIaIED WM | TIIOI | WBeM apIaae)
; mﬁo\z Sred 9 d,
mI I938 wdd ay/ mo | au/, w /N Japurg XTIyeN Japulg XLayeN
S90BJINS [BOS | “JUsIU0D £ g Bune | eanssexd | eanyerodurs)
Jo uonyIpuUoD | UABAXQO a1ex ofexeary -x0dO paress wnipos Je3s 1ess s0o1desou 1eeg uny

[(oss/w 3g) 008/33 64 ‘poeds Suipns)

SEIVHE TOVIVIT ANV ‘SHALANVEVA 'TVNOLLVEHEJO ‘(QUVH NO Q¥VH) SNOILYNIEWOD HDAIJESON NV LVES TVES IAIEUVO - T HTdVL




neglected, reference 19 gives the radius of the curvature of this sphere as

= oAt (1)
h

g | -

where r is the radius of the curvature of the sphere, o the thermal expansion coeffi-
cient, At the axial temperature gradient, and h the axial ring thickness. Since the
thermal gradient At/h is inversely proportional to the thermal conductivity B,

1. <E> (2)
r \8
Therefore, the magnitude of thermal distortion increases as the ratio of thermal expan-
sion coefficient over the thermal conductivity increases. Table II lists this ratio for
several candidate seal materials; the larger values indicate greater distortion.
These comparative values suggest that the carbides and molybdenum are candidate
seal materials. For example, molybdenum should have 1/20 of the distortion of
347 stainless steel. However, despite the favorable o/B, the carbide and molybdenum
seal rings indicated excessive distortion as evidenced by edge contact.
An example of excessive distortion is given in figure 11 which shows the condition of
a titanium carbide nosepiece after a short period (40 min) of operation in sodium at a
temperature of 740° F (393° C) and a sliding velocity of 79 feet per second (24 m/sec).

TABLE II. - THERMAL DISTORTION CRITERIA

Material Expansion coefficient, o Conductivityf1 B Ratio of Relative
o ° ° expansion | rating
in. /(in. )°F) | em/(cm)(°C) |Btu/(ar)(Et)(°F) | cal/(sec)em)(°C)| coetticient to
' conductivity,
o/B
- - -6
347 Stainless steel 210. 30x10 6 a5. 72%x10 6 11.9 0. 049 0. 868x10 20
1
Aluminum oxide (Al,0g) P4 10 by o8 5.8 . 024 .707 165
i b b 074 234 51
Titanium carbide 4,20 2. 33 17.9 . . 3
(20-percent cobalt binder)| -
Tungsten carbide - bg 95 by 81 35.0 . 145 .093 2
(binderless) b b L
Tungsten carbide 2.85 1. 58 44.5 . 184 . 064 1—2-
(6-percent cobalt binder)
Molybdenum 3. 20 €1.78 74.0 , . 306 .043 1

2390 10 932° F (0 to 500° C).
bRoom temperature to 842° F (450o C).
€68° to 1060° F (20° to 571° C).

dat 842° ¥ (450° C).



Except for the portion near the inner edge, the majority of the surface shows no evidence
of rubbing contact. Under the condition of thermal distortion, the inner edge would be
expected to contact first. However, as shown in figure 4, the inner and outer edges have
a slight dropoff because of the lapping operation. This dropoff also occurred in the nose-
piece; thus, contact occurs first at a diameter slightly larger than the inside diameter.
Figure 12 shows the wear pattern on a tungsten carbide seal seat which was typical of
hard on hard combinations. At various points around the seal seat a surface profile
trace was taken across the sealing surfaces, and a photomicrograph of the corresponding
area was matched to the surface profile trace. Distortions caused initial contact near
the inside diameter of the sealing dam on the nosepiece. The wear, heaviest near the
inside diameter of the wear track, decreased to near zero at the outside diameter of the
wear frack. A correSponding wear pattern occurred on the seal nosepiece as shown in
figure 13.

In general, effective lubrication of the carbide seal seats and nosepieces was not ob-
tained. In addition to wear (figs. 12 and 13), the surfaces showed evidence of heat
checking (fig. 14), which is indicative of excessive sliding surface temperatures.

Since thermal distortions were found fo be a primary concern in seal operation, an
analytical investigation was conducted to determine thermal gradients in the seal seat.
Figure 15 shows the calculated thermal maps for two of the shapes of seal seats em-
ployed. The approximate distortion for both seal seats was 2x10~% inch (5%10 -4 cm).
The thermal gradients in the nosepiece were calculated to be equally as severe as in the
seal seats. Distortions of this order cannot be accommodated by materials of high hard-
ness and high modulus; therefore, edge loading is inevitable.

Leakage. - Leakage rates of the carbide combinations (table I) were not predictable;
in general, they were initially high and increased to excessive levels after short running
periods. One run, with a titanium carbide nosepiece mated to a tungsten carbide seal
seat, did not show an increase in leakage rate, and this was attributed to development of
a hydrodynamic lubricating film between the sealing surfaces. ‘Inspection revealed that
the surfaces were in good condition but had nonuniform contact (fig. 16) because of sur-
face waviness. This slight surface waviness could have developed a hydrodynamic film
which would account for the constant leakage rate of 0.61 cubic inch per hour (10 cm3/hr)
and the good surface condition. A leakage rate of 0.61 cubic inch per hour (10 cm3/hr)
is excessive for the space power system application, but for applications in which this
rate is tolerable, the beneficial effect of surface waviness should not be overlooked.

"Figure 17 shows the leakage trends which were evident throughout the evaluation.
The leakage increased with speed because of the combined effect of centrifugal force and
larger average gap produced by seal runout. The increase in leakage with pressure is
expected, but the minimums exhibited at certain pressures are unexplained.
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Conventional Face Contact Seals With One Sliding Surface Having a

Conformability Property (Soft on Hard Combination)

Thermal distortion proved to be a major problem with seals having carbide seal
seats sliding against carbide nosepiece rings (hard on hard combinations); therefore,
various seal ring materials having a wear-in or conformability property were evaluated.
Table III includes the seal ring materials evaluated, pertinent parameters, and resulis.

Foam metal rings impregnated with calcium fluoride - barium fluoride. - Nickel-
base alloy and nickel foam metal impregnated with calcium fluoride - barium fluoride
showed the desired conformability to thermal distortion. Sliding contact over the full
width of the sealing surface was obtained by the wear-in process as shown in figure 18.
The tungsten carbide mating nosepiece surface showed no indication of scoring, metal
transfer, or adhesive wear. Thus the calcium fluoride - barium fluoride impregnated
material was performing the lubricating function as pointed out in reference 18. How-
ever, the leakage rates were excessive (table III) for the space power type of application.

Copper nosepieces and molybdenum seal seats. - In a further effort to attain a wear-
in or conformability property, copper and molybdenum nosepieces were run against
tungsten carbide and against each other. (Reference 15 reported a wear-in property with
copper mated to tungsten carbide, and reference 16 reported formation of beneficial

surface films on molybdenum in sodium.) The copper and tungsten carbide combination
showed no evidence of scoring or metal transfer. However, the sodium leakage rate was
excessive (table III), and the wear-in process did not reduce seal leakage. The molyb-
denum and tungsten carbide combination showed scoring and adhesive wear of the molyb-
denum surface (fig. 19), and the leakage was excessive. A combination of copper sliding
against molybdenum showed extreme surface distress and operated only for 3 minutes.

Face Seal With Spiral Grooves

Face seals were constructed with spiral grooves on the high pressure side of the
sealing surfaces (dam). One assembly incorporated grooves on the nosepiece (fig. 8);
grooves on the seal seat were also evaluated. The geometric details of the spiral
grooves are shown in figure 9. The motion of the rotating seal seat causes the spiral
grooves to produce an inward pumping action against leakage of sodium.

Leakage and wear. - Table IV lists the leakage results and operating conditions. A
copper nosepiece (fig. 8) with spiral grooves and a seal seat of tungsten carbide operated
in liquid sodium for 4 hours at 20 pounds per square inch gage (14 N/ cm? gage) with
leakage less than the estimated detection limit of 0.02 cubic inch per hour (0. 30 cm3/hr).
Inspection of the sealing surfaces revealed several local wear areas on the copper nose-
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TABLE IV, - OPERATIONAL PARAMETERS AND LEAKAGE RATES FOR SPIRAL-GROOVE SEAL

Run [ Nosepiece| Seat seat Location of Sodium Sealed Sliding Leakage rate Operating| Condition of
material material spiral groove |temperature pressure velocity 3 3 time, seal surfaces
in, °/hr cm’/hr b aft
oo - 2 T er run
F|°C |psig|N/cm” gage| ft/sec| m/sec
Start | End | Start| End
1 Copper | Titanium Nosepiece 375|190 20. 14 30 9.1 (@ | @) | @ | @ 4.0 Good
carbide
425|218 20 14 48 15 @) | @) | (@ | @) 7.0
2 Copper |Molybdenum| Seal seat Excellent
eP v 500 | 260 20 14 64 20 0.02 {0.02] 0.3 ]0.3 2.0
3 Copper |Molybdenum| Seal seat 500 | 260 20 14 64 20 ®) | (o) (b) | (b) 4.0 Excellent

2Not detectable (limit of detection, ~ 0, 30 cm3/hr {0.02 in, 3/hr)).
Visual cbservation revealed leakage in the form of minute drops but leakage was below limit of detection.

piece; the major portion of the surface showed no evidence of rubbing contact (fig. 20).

Another assembly evaluated consisted of a plain copper nosepiece and a molybdenum
spiral-groove seal seat. This combination was operated for 9 hours at various speeds
and at a sodium pressure of 20 pounds per square inch gage (14 N/ cm2 gage) with
negligible leakage. Visual observation of the seal below 64 feet per second (20 m/sec)
indicated leakage of intermittent minute drops of liquid sodium which oxidized into
small pepper-size flakes. (Visual observation required the opening of the enclosure;
thus some oxygen was present around the seal area during the inspection.) Above 64 feet
per second (20 m/sec) these drops could not be observed. The sealing surfaces were in
excellent condition after the 9 hours of operation (fig. 21) and showed that rubbing con-
tact had occurred over most of the surface (probably at startup). As mentioned pre-
viously, the combination of copper and molybdenum operated only 3 minutes in the con-
ventional face seal configuration and showed extreme surface distress even though the
temperature, pressure, and speed were lower. It was concluded that the spiral-groove
seal operated with interface separation. " This conclusion is based on the excellent sur-
face condition of the copper and molybdenum surfaces and on the fact that this poor wear
combination (copper on molybdenum) was operated successfully at a relatively high
temperature of 500° F (260° C) and a speed of 64 feet per second (20 m/sec) for 9 hours
in a poor boundary lubricant, sodium. Before startup, the seal showed no leakage; this
indicated good contact and flatness at the sealing surfaces. At shutdown, the seal
showed slight leakage at zero rotation which indicated that some change in surface flat-
ness had occurred. It should be pointed out that leakage at zero rotation is a function
of pressure and flatness of the sealing surfaces. Spiral grooves were also incorporated
into carbide seal seats and were mated to carbide nosepieces (in four tests). Leakage
results were similar to those in table IV, and sliding surfaces were in excellent condl-
tion after several hours of operation to 500° F (260° C) in liquid sodium.

Spiral seal arrangements. - Several spiral seal arrangements are possible as indi-
cated in figures 22 and 23. On startup the pumping action of the spiral grooves displaées
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the sodium inward (fig. 21) from the seal dam; thus the seal tends to become pressure
loaded (fig. 7(a)). This pressure load must be offset by hydrodynamic forces to prevent
excessive rubbing contact. It is postulated that hydrodynamic forces arise from a slider
bearing effect of the spiral-groove land area and from the pressure patterns developed
by the spiral grooves. (Reference 9 includes a discussion of viscoseal pressure
patterns.) The two arrangements evaluated in this study concerned pressurized liquid
at the inside diameter of the seal interface; one arrangement had spiral grooves on the
nonrotating nosepiece, and the other had spiral grooves on the rotating seal seat.
Arrangements which were not evaluated involved pressurized liquid at the outside diam-
eter of the seal interface (fig. 23). In this latter case, centrifugal force works to pre-
vent leakage, and low-leakage rates should be more readily attainable than in the
arrangement with pressurized liquid at the inside diameter.

Comparison of spiral-groove face seal and helical viscoseal. - The spiral-groove
face seal operates with the same sealing principle as the helical viscoseal (fig. 24).
However, it is inherently more compact and in addition provides positive sealing at
zero rotation. The helical viscoseal requires an additional positive contact seal to
prevent leakage at startup, shutdown, or in a static condition. The pressure generating
capacity of the helical viscoseal or spiral seal is given by reference 20 as

AP _ 6UL(AG) 3)

L c2

where AP is the pressure differential across the seal, L the wetted seal length, U the
peripheral speed, U the absolute viscosity, A the sealing coefficient, G the geometry
factor, and c¢ the clearance. It is pointed out that the pressure gradient is a function

of cz. In a spiral-groove face seal, a much smaller clearance c is more readily
attained than with the cylindrical viscoseal. For example, a 0.005-inch (0.013-cm)
radial clearance is required in some viscoseal designs because of shaft runout and
vibration. But a spiral face seal probably operatevs with less than 0. 0005-inch
(0.0013-cm) clearance. Hence, the spiral-groove face seal is inherently smaller for

the same application.

SUMMARY OF RESULTS

Conventional face contact seals and face contact seals incorporating the spiral-
groove geometry were evaluated for leakage and wear when sealing liquid sodium. The
following were the significant results:

1. In comparison with conventional face contact seals, the spiral groove seals
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showed negligible leakage and wear. Hydrodynamic separation of the sealing surfaces
is postulated.

2. Static leakage of the spiral-groove face seal was similar to that of a face contact
seal.

3. As compared to the helical-groove seal, the spiral-groove face seal has the
following advantages:

(a) It is more compact in size because of higher pressure capacity produced by
the inherently smaller seal gap.
(b) It functions as a face contact seal at startup and for shutdown.

4. Successful low-leakage operation was not achieved with conventional face contact
seals (no spiral grooves) having carbide seal rings (hard on hard combination). Thermal
distortions coupled with the lack of conformability (high hardness and modulus) and the
poor lubricating ability of the sodium caused wear and scoring of the sealing surfaces.

5. Successful low-leakage operation was not achieved with conventional face contact
seals (no spiral grooves) having soft on hard material combinations which were used in
an attempt to obtain some conformability to offset thermal distortions. Generally, the
sealing dam surfaces showed better contact and less scoring than did the hard on hard
combinations, but leakage was not lower.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 3, 1967,
120-27-04-03-22.
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Figure 1. - Schematic diagram of face contact seal assembly and experimental apparatus.
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Figure 4. - Light interference patterns showing surface flatness typical
of carbide seal seats.
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- Typical surface condition of tungsten carbide seal seat before operation
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Figure 6, - Calibration of bellows spring force with bellows compression.
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Figure 8. - Spiral-groove geometry chemically etched into copper nosepiece.

Spiral-groove seal,

shaded area etched
0.0015 in. (0.0038 A] r

cm) deep—
N
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Figure 9. - Spiral-groove and nosepiece geometry.
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Figure 10. - Schematic diagram showing edge contact caused by axial
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C-67-171

Actual con-
tact width

Sealing dam width, 0.100 in. (0.254 cm)

(a} Photomicrograph of surface,

1074 in.
.5x10"4 cm)

(b) Surface profile.

Figure 11, - Photomicrograph and surface profile of titanium carbide nosepiece after
operation against tungsten carbide seal seat showing limited contact width. Sodium
temperature, 740° F (393° C); operating time, 40 minutes; sliding velocity, 79 feet
per second (24 mi/sec); pressure, 30 pounds per square inch gage (20.6 Nicm? gagel.



C-63982
0,000 in. 3
(0.0003 cm)=, 2

Figure 12. - Overall wear pattern, surface profile traces, and photomicrographs of tungsten carbide seal seat. Sodium temperature, 1000° F (538° C);
operating time, 4 hours; sliding velocity, 79feet per second (24 misec); pressure, 50 pounds per square inch gage (34 N/cm2 gage).
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Wear track
0.10 in,
{0.25 cm)

SR ; e C-67-174

Figure 14, - Photomicrograph of tungsten carbide seal seat showing heavy
scoring and heat checking. Sealed fluid, sodium; sodium temperature,
1000° F (538° C); sliding velocity, 79 feet per second (24 m/sec); sealed pres-
sure, 50 pounds per square inch gage {34 Nfcm® gage); mating material, ti-
tanium carbide - niobium carbide - tantalum carbide composite.
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(b) Beveled design.

Figure 15, - Calculated thermal gradients in seal seat and nosepiece. Tungsten carbide seaol seat; .tit.anium
carbide nosepiece; sodium temperature, 1000° F (538° C); argon temperature, 360° F (182° C); sliding
velocity, 79 feetper second (24 m/sec).
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/
£ pattern produced
by rubbing contact C-64946

Figure 16. - Tungsten carbide seal seat showing wear pattern resulting
from surface waviness, Sodium temperature, 1000° F (538° C); sliding
velocity, 79 feet per second (24 m/sec); pressure, 50 pounds per square
inch gage (34 Nicm* gage).

31



32

Leakage rate, cm’ihr

20

1 1 ¥ T
Experimental Faired Sliding velocity,

o0 data curves ftlsec misec
= R 9 %
—O0— —— 40 18
—0— ——== & R
—DA— —— 6
50— 15 £ '
00— =
S
£
g 10
1O— o
g
3
-—

/
N Ry
so— /c/ e -

0 10 20 30 40 50
Sealed-fluid pressure, psig

I | | |
0 10 20 30
Sealed-fluid pressure, Nicm? gage

Figure 17. - Effect of speed and pressure on face-contact-seal leakage trends. Temperature, 600° F (316° C); tungsten-carbide
seal seats and nosepieces; sealed fluid, sodium.



Wear track,
0.10in,
{0.25 cm)

Figure 18. - Wear track on seal seat of 40-weight-percent toam nickel im-
pregnated with calcium fluoride - barium fluoride. Sealed fluid, sodium;
sodium temperature, 1000° F (538° C); stiding velocity, 79 feet per secon
(24 m/sec); sealed pressure, 9.5 pounds per square inch gage (6.6 N/cm
gage).
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Wear track,
0.10 in,
(0.25 cm)

Figure 19. - Wear track on molybdenum seal seat. Sealed fluid, sodium; so-
dium temperature, 1000° F (538° C); sliding velocity, 79 feef per secong

(24 m/sec); sealed pressure, 65 pounds per square inch gage (45 N/cm*® gage).



Seal dam,
0.07 in.
(0.178 cm)

~

Seal seat
rotation

(a) Local wear area,

N

‘Seal seat
rotation

(b) Area showing no evidence of wear. (Typical of most of the sliding interface. )

Figure 20. - Seal nosepiece with inward-pumping spiral-groove design. Material,
copper; sealed fluid, sodium; sodium temperature, 400° F (204° C); operating time,
4 hours; sliding velocity, 35 feet per second (11 m/sec); sealed pressure, 20 pounds
per square inch gage (14 Nicm? gage).
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Figure 21. - Spiral-groove geometry chemically etched into molybdenum
seal seat.
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CD-8818
Figure 22. - Spiral-groove seal seat in operating mode.
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Figure 23. - Spiral-groove placement in seal seat for sealing liquid at
outside diameter of seal dam.
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